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FGF signaling is critical for establishing the Xenopus laevis embryonic body plan and requires the expression of functional
FGF receptor during early embryogenesis. FGF receptor-1 (XFGFR) maternal mRNA is present in immature oocytes, but
the protein is not expressed until oocyte maturation. In this report we demonstrate that endogenous XFGFR translation
begins just prior to germinal vesicle breakdown and that translation depends on completion of earlier meiotic events. We
show that the previously identi®ed XFGFR 3*UTR translation inhibitory element (TIE), which is necessary and suf®cient
for repressing translation in the immature oocyte, also regulates the onset of translation during oocyte maturation. In
addition we demonstrate that cytoplasmic polyadenylation of XFGFR RNA is regulated independently of TIE-mediated
translation and is not suf®cient to activate the translation of XFGFR. These experiments reveal that polyadenylation and
translational activation are separable events in this mRNA, each of which is timed and regulated independently.
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INTRODUCTION Understanding these mechanisms of regulation is key to
understanding how the embryonic body plan is established.
During oogenesis in Xenopus laevis, most of the maternalEarly embryogenesis in Xenopus laevis proceeds through
mRNAs required to complete early embryogenesis accumu-the blastula stage of development in the absence of embry-
late in the developing oocyte as untranslated ribonucleo-onic transcription (Davidson, 1986). Thus, early develop-
protein complexes, although the immature oocyte is com-mental decisions are achieved in large part through the regu-
petent to translate RNA (Davidson, 1986; Wormington,lated translation of mRNAs supplied maternally. One of
1991). Maternal mRNAs are recruited for translation at spe-the earliest events in embryogenesis is the induction of
ci®c times beginning during oocyte maturation, when themesoderm, which relies on FGF signaling (Amaya et al.,
oocyte undergoes meiosis. However, little is known about1991, 1993), and thus the proper expression of FGF receptor
how the speci®city for the timing of translation of differentprotein, a key component of the FGF signaling pathway.
RNAs is achieved.Common mechanisms for regulating maternal mRNA
One mechanism by which some RNAs are thought to betranslation in a variety of organisms include mRNA local-
recruited for translation is through changes in the poly(A)ization (Gavis and Lehmann, 1994; Weeks and Melton,
tail length on the RNA (for reviews see Jacobson, 1996;1987), spatially restricted translation of mRNAs (Evans et
Richter, 1996). This phenomenon has been observed in aal., 1994; Macdonald and Struhl, 1986), and temporally regu-
wide range of species, including Drosophila (SalleÂs et al.,lated translation (Sagata et al., 1988; Wightman et al., 1993),
1994), sea urchin (Slater et al., 1978), Xenopus (Dworkinthus controlling where and when gene products are made.
and Dworkin-Rastl, 1985), and mouse (Bachvarova et al.,
1985). When translationally repressed, many mRNAs con-
tain a short poly(A) tail; elongation of the poly(A) tail in the1 To whom correspondence should be addressed. E-mail: musci@
cgl.ucsf.edu. cytoplasm is associated with translational activation of the
63
0012-1606/98 $25.00
Copyright q 1998 by Academic Press
All rights of reproduction in any form reserved.
AID DB 8785 / 6x35$$$$$1 01-16-98 09:16:58 dbal
64 Culp and Musci
RNA, while deadenylation of a long poly(A) tail is correlated hibitory element (TIE) which is both necessary and suf®-
cient to repress translation in the immature oocyte. In addi-with translational repression (Bachvarova et al., 1985;
Dworkin et al., 1985; Fox et al., 1989; McGrew et al., 1989; tion, XFGFR mRNA is polyadenylated upon oocyte matura-
tion. However, synthetic messages which contain theParis and Philippe, 1990; Vassalli et al., 1989). The timing
and extent to which the poly(A) tail is elongated is depen- XFGFR 3*UTR, but cannot be polyadenylated, are capable
of becoming translationally active during meiosis (Robbie etdent on sequences contained within the RNA, speci®cally
within the 3* untranslated region (3*UTR) (McGrew et al., al., 1995). Although this evidence suggests that cytoplasmic
polyadenylation is not required for translation of XFGFR,1989; Sheets et al., 1994). These sequences are necessary
and suf®cient to transfer the correct timing of cytoplasmic this result does not address whether polyadenylation is in-
volved in achieving the correct timing of translation orpolyadenylation and translational activation to a heterolo-
gous gene (McGrew et al., 1989; McGrew and Richter, 1990; whether polyadenylation alone can lead to translation.
The studies described here are aimed at determining howSheets et al., 1994; Vassalli et al., 1989). How these se-
quences specify the timing of polyadenylation is poorly un- the 3* UTR inhibitory element and polyadenylation coordi-
nate to achieve translational activation at the appropriatederstood.
Translational control can also be mediated by inhibitory time during oocyte maturation. We show that translation
of XFGFR occurs just prior to germinal vesicle breakdownelements contained within the untranslated regions of
mRNAs (Curtis et al., 1995; Wickens et al., 1996). Such during oocyte maturation, and that the previously identi®ed
translation inhibitory element appears to regulate the tim-inhibitory elements have been identi®ed in mRNAs from
a number of systems, including clam early development ing of XFGFR translation during meiotic maturation. In ad-
dition, we show that although XFGFR mRNA is cytoplas-(Standart et al., 1990), mouse spermatogenesis (Braun et al.,
1989), and iron metabolism in vertebrates (Hentze et al., mically polyadenylated during oocyte maturation, this
event is not suf®cient for translational activation of this1987). In addition, genetic screens in Drosophila and Caeno-
rhabditis elegans, both of which rely on regulated transla- mRNA.
tion of maternal mRNAs to complete early development,
have allowed the identi®cation of a number of mRNAs
which contain inhibitory elements (Dubnau and Struhl, MATERIALS AND METHODS
1996; Evans et al., 1994; Gavis et al., 1996; Wharton and
Struhl, 1991). In some cases, translational repression has Protein Analysis
been shown to be achieved through speci®c RNA±RNA
Western analysis for XFGFR was performed on extracts of 20±(Lee et al., 1993; Wightman et al., 1993) or RNA±protein
40 oocytes as previously described (Robbie et al., 1995), after partialinteractions (Dubnau and Struhl, 1996; Gray and Hentze,
puri®cation of the extracts on wheat germ lectin±Sepharose beads1994; Kim-Ha et al., 1995). These ``masking'' element com-
(Pharmacia). The protein was detected either with an af®nity-puri-plexes are thought to prevent access to the translational
®ed polyclonal anti-FGFR antibody (R 1) or a monoclonal anti-FGFRmachinery; modi®cation or the release of RNA binding pro-
antibody (Ab50, a kind gift of L. Williams), followed by horseradish
teins from the RNA may then allow recruitment of the peroxidase-conjugated secondary antibody (Amersham) and chemi-
mRNA onto ribosomes. luminescent detection (Renaissance, DuPont NEN).
Both cytoplasmic polyadenylation and the use of ``mask- Oocytes were metabolically labeled by injecting 50 nl of 51 con-
ing'' elements have thus emerged as common mechanisms centrated [35S]methionine/cysteine (3.5 mCi, 1000 Ci/mmol; Pro-
of translational control. How these two regulatory mecha- mix, Amersham) into 60 oocytes at various times after progesterone
addition. One hour after injection, oocytes were harvested and lysednisms, either separately or coordinately, activate transla-
in 0.5 ml oocyte lysis buffer (Amaya et al., 1991). Extracts weretion at the appropriate time poses an interesting problem.
partially puri®ed on wheat germ lectin±Sepharose beads for 12 h,Three pathways for their interaction have been proposed
after which the bound proteins were eluted by boiling in 20 mlby Wickens and colleagues (Wickens et al., 1996). In one
20 mM Tris/0.5% SDS. After dilution to 0.5 ml in 11 IP bufferpathway, at speci®c times the mRNA becomes unmasked,
(Amaya et al., 1991), XFGFR protein was immunoprecipitated
which then allows cytoplasmic polyadenylation and re- using the polyclonal anti-FGFR antibody (R 1) serum and protein
cruitment onto ribosomes for translation. In a second path- A±Sepharose. Bound proteins were then separated on a 7.5% SDS±
way, polyadenylation of the mRNA occurs at the appro- PAGE gel, after which the gel was ®xed in 25% isopropanol/10%
priate time, which then allows the unmasking of the mRNA acetic acid, followed by treatment with Amplify (Amersham). The
and recruitment onto ribosomes. In a third proposed path- gel was then dried and exposed to autoradiographic ®lm at 0807C.
way, the unmasking event provides access to the mRNA,
allowing cytoplasmic polyadenylation and translational ac-
Oocyte Injectionstivation to occur independently; polyadenylation then func-
tions to maintain or enhance translation.
Sixty nanograms of an oligonucleotide complementary to nucle-
Previous work from this laboratory has demonstrated that otides 51±35 of the c-mosXe 3*UTR (5*-CTTTATATGTCC-
the Xenopus FGF receptor-1 (XFGFR) mRNA is present in TGTGG-3*, Ana-Gen) was injected into oocytes. Progesterone (10
the immature oocyte, where it is translationally repressed mM) was added 12 h later, and oocytes were further incubated for
until oocyte maturation (Musci et al., 1990; Robbie et al., 20 h prior to assessment of oocyte maturation and RNA and protein
analysis. All incubations were performed at 167C.1995). The 3*UTR of this mRNA contains a translation in-
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Twenty-®ve nanoliters of recombinant cdc2/cyclin B1 (a gener- cytes per time point. The reactions were carried out in duplicate
using o-nitrophenyl-b-D-galactopyranoside (ONPG) as a substrateous gift of J. Gautier) was injected into the cytoplasm of oocytes
to induce maturation. Ten nanoliters of recombinant MBP-mos (a according to the method described in Sambrook et al. (1989). Reac-
tions were read spectrophotometrically at A420 . Because there is agenerous gift of M. Murakami) diluted 1:1 in 100 mM NaCl/10
mM Hepes (pH 7.5) was injected into the cytoplasm of oocytes. low level of background and leakthrough in this assay, in the time
course experiments the b-galactosidase activity in oocytes con-
taining RNA with the TIE was de®ned as zero. Thus, the spectro-
photometric values of CSbgalTIE in immature oocytes was sub-RNase Protection Analysis
tracted from all CSbgal and CSbgalTIE values, and the bgalUTR
For c-mos RNase protection analysis, the 0.4-kb ApaI/BamHI value in immature oocytes was subtracted from all bgalUTR and
fragment of pTZKA/ (kind gift of G. Vande Woude), which con- bgalDUTR values and expressed as bgal activity. To express the
tains the last 198 bp of the c-mosXe coding region and the ®rst 206 nt relative levels of translation in intact vs c-mos-depleted oocytes,
of the 3*UTR, was ®rst subcloned into Bluescript (SK/) (Stratagene), the background (A420 in noninjected oocytes) was subtracted from
from which the 255-bp Sau3A/KpnI fragment was subcloned into the means of the spectrophotometric readings of duplicate reac-
pGem3 (Promega) to generate mosDRP. tions for each time point. The b-galactosidase activity is then dis-
mosDRP was linearized with EcoRI and transcribed with SP6 in played relative to that of immature oocytes containing CSbgalTIE.
the presence of [32P]UTP, using the Maxiscript kit (Ambion). The Each experiment was performed at least twice using oocytes from
XFGFR RNase protection probe was generated by linearizing different frogs, yielding similar results, although the results from
JM450, which contains a fragment of XFGFR, from bases 1000± individual experiments are shown.
1450 of the coding region, with AccI and transcribing with T7 in
the presence of [32P]UTP.
Five micrograms of total RNA was hybridized to 5 1 105 cpm Prosthetic Constructs and Analysis
of the appropriate radiolabeled antisense probe, and the samples
The prosthetic constructs contain the XFGFR 3*UTR, or thewere processed using the RPAII kit (Ambion). The ®nal products
3*UTR from which the ®rst 200 bp has been deleted, inserted down-were separated on a 5% denaturing polyacrylamide gel and exposed
stream of the CMV IE94 promoter of CS2/ (Rupp et al., 1994;to autoradiographic ®lm for 24 h.
Turner and Weintraub, 1994). Between the promoter and the
XFGFR 3*UTR a 59-bp double-stranded oligonucleotide was in-
serted which encodes the last 21 nucleotides of the c-mosXe codingb-Galactosidase Constructs and Assay
region and the ®rst 34 nucleotides of its 3*UTR. Orientation was
DNA constructs. CSbgal was derived from CSnucbgal (Rupp determined by sequence analysis. Insertion in the antisense orien-
et al., 1994; Turner and Weintraub, 1994), which contains lacZ tation followed by the full-length XFGFR 3*UTR was termed
downstream of the CMV IE94 promoter, by ®lling in the EcoRI ASUTR. The double-stranded oligo in the antisense orientation
site, creating a stop codon immediately downstream of lacZ. The followed by the TIE-deleted UTR was named ASDUTR, and in
0.2-kb HincII fragment of p500/3*UTR (Robbie et al., 1995), which the sense orientation, SDUTR. Antisense c-mosXe sequence allows
contains the 180-bp TIE, was subcloned downstream of lacZ into complementary base-pairing to occur between the prosthetic RNA
the StuI site of CSbgal to generate CSbgalTIE. These constructs and the endogenous c-mosXe mRNA sequence remaining after oli-
also contain an SV40 poly(A) sequence, which provides signals for gonucleotide-directed cleavage. RNA was produced in vitro for
transcription termination, mRNA cleavage, and polyadenylation. some experiments by linearizing the appropriate prosthetic con-
CSbgalUTR contains the XFGFR 3*UTR from the plasmid 3.1 struct with StuI and transcribing using SP6 and the Maxiscript kit
(Robbie et al., 1995) subcloned downstream of lacZ in CSbgal. (Ambion).
CSbgalDUTR contains the XFGFR 3*UTR, from which the ®rst Prosthesis experiments were performed by injecting 5 nl of the
200 bp has been deleted (up to the ApaLI site). Downstream of the appropriate DNA construct (500 pg to 5 ng) into the oocyte germinal
UTRs in CSbgalUTR and CSbgalDUTR are 30 adenosine residues, vesicle or by cytoplasmic injection of 10 ng RNA transcribed in
immediately followed by an NsiI restriction site, which allow the vitro from the appropriate template. The oocytes were incubated
generation of RNA in vitro which contains a poly(A) tail. for 12 h, after which 60 ng of the c-mos antisense oligonucleotide
RNAs were generated in vitro by linearizing CSbgalUTR was injected. Four hours later progesterone was added to 10 mM,
and CSbgalDUTR with NsiI, and transcribing with SP6 using and the oocytes were incubated for an additional 20 h. Maturation
the mMessage mMachine kit (Ambion), yielding bgalUTR and was assessed by the presence of the white spot on the animal sur-
bgalDUTR RNAs, respectively. face and by assessing the presence of the germinal vesicle by man-
For time course experiments, 20 nl (20 pg) of in vitro transcribed ual dissection in 5% trichloroacetic acid. The data presented repre-
RNA was injected into the cytoplasm, or 5 nl (100 pg) of plasmid sent the results from 18 separate experiments.
DNA was injected into the germinal vesicle of immature oocytes.
In some experiments, oocytes were then injected with 60 ng of the
anti-c-mos oligonucleotide. Twelve hours after RNA injection or High-Resolution Northern Analysis
18±24 h after DNA injection, progesterone was added to 10 mM to
induce maturation. Oocytes were withdrawn at various times dur- Oligonucleotide hybridization and RNaseH treatment were es-
sentially as described in Brewer and Ross (1988) and Mercer anding maturation, and the extent of maturation was monitored in a
separate group of similarly treated oocytes. All incubations were Wake (1985). For analysis of endogenous XFGFR mRNA, 40 mg of
total RNA derived from a pool of at least 50 oocytes was incubatedperformed at 167C. Equivalent levels of RNA in all groups of oo-
cytes was con®rmed by RNA dot blot analysis. To assay b-galactos- with 1 mg of an oligonucleotide (5*-GCATAATGAGCACAGTC-
3*) antisense to XFGFR 3*UTR, bases 3139±3123. For bgal North-idase activity in intact versus c-mos-depleted oocytes, all oocytes
were harvested 24 h after progesterone addition. erns, 20 mg of total RNA derived from a pool of at least 25 oocytes
was incubated with 1 mg of an oligo (5*-CTGGTTTCCATCAGT-b-Galactosidase assays were performed on duplicates of 10 oo-
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TGC-3*) antisense to lacZ, bases 2914±2896. In some cases 0.3 mg
of oligo(dT) was also included. Following RNaseH treatment the
samples were extracted with phenol/chloroform and collected by
ethanol precipitation. The samples were separated on a 5% denatur-
ing polyacrylamide gel, after which the RNA was transferred to
Duralon UV membrane (Stratagene) in 0.31 TBE on a Semi-Phor
apparatus. After UV crosslinking (0.12 J/cm2), the ®lter was prehy-
bridized and then hybridized to a 300-bp RsaI fragment of the
XFGFR 3*UTR for at least 16 h at 377C according to standard proce-
dures (Sambrook et al., 1989). The ®lters were exposed to autoradio-
graphic ®lm for 72 h with intensifying screens.
RESULTS
XFGFR Translation Occurs Just Prior to Germinal
Vesicle Breakdown and Requires the Completion
of Earlier Meiotic Events
Previous work has shown that XFGFR translation is re-
pressed in the immature oocyte but is activated during oo-
cyte maturation. In an effort to dissect the temporal regula-
FIG. 1. XFGFR is translated just prior to GVBD in meiosis. (A)tion of this mRNA, we ®rst determined when during oocyte
Detection of XFGFR translation by metabolic labeling. XFGFR pro-maturation XFGFR is translated. This was determined by
tein was immunoprecipitated with R 1 antibody from extracts ofmetabolically labeling oocytes at various stages of matura-
60 oocytes at various stages of maturation 1 h after injection oftion. One hour following injection of radioactive precursors,
35S-labeled amino acids. The position of XFGFR is indicated by theoocytes were harvested, and the presence of XFGFR protein
arrow, and the positions of molecular weight markers (203, 105, andwas assessed by immunoprecipitation. By this analysis,
70.8 kDa) are marked. The time of harvest, relative to progesterone
XFGFR translation is undetectable in immature oocytes and addition, is indicated. At the 6-h time point only oocytes which
for several hours following progesterone addition. Six hours had not undergone GVBD were analyzed for XFGFR protein. This
after progesterone addition, while 5% of the oocytes had experiment was performed two times with similar results. (B) The
undergone GVBD, a very low level of XFGFR protein is percentages of oocytes which had undergone GVBD at various
times following the addition of progesterone. The actual percent-detected in oocytes which had not undergone GVBD at that
ages are: immature oocytes and 3 h after progesterone additiontime (Fig. 1). Nine hours after progesterone addition (1 h
(0%), 6 h (5%), 9 h (33%), 12 h (67%), 15 h (82%), 24 h (95%).prior to GVBD50) a signi®cant level of XFGFR translation
GVBD50 occurred approximately 10 h after progesterone additionis observed, and this rate of translation is maintained until
in this experiment.at least 5 h after GVBD50 (Fig. 1A). This analysis indicates
that XFGFR translation is activated just prior to GVBD and
continues through meiosis.
We were next interested in determining whether XFGFR
tion analysis con®rmed that while c-mos RNA is ef®cientlytranslation is activated through a progesterone-dependent
cleaved by the antisense oligonucleotide (Fig. 2A, middlepathway independent of meiotic cell cycle progression or
panel), XFGFR RNA levels are unaffected (Fig. 2A, lowerwhether it is linked to speci®c meiotic events. To address
panel). To ensure that c-mos-depleted oocytes still maintainthis question we took advantage of the requirement for c-
their capacity to translate XFGFR given the appropriate sig-mos translation for oocytes to exit from the G2/M arrest of
nal, we rescued c-mos-depleted oocytes by the injection ofmeiosis I and progress through meiosis. c-mos mRNA is
recombinant mos protein in the absence of progesterone.present in the immature oocyte and is one of the earliest
As expected, injection of mos protein both triggers the com-proteins to be translated in response to progesterone treat-
pletion of meiosis I as evidenced by GVBD and leads toment (Sagata et al., 1988). We determined whether oocytes
translation of endogenous XFGFR (Fig. 2B).treated with progesterone after c-mos depletion, through
These results together indicate that XFGFR translationantisense oligo-directed c-mos mRNA ablation, were capa-
is activated just prior to germinal vesicle breakdown and isble of translating endogenous XFGFR. Following antisense
dependent on the completion of upstream meiotic cell cycleoligo-mediated c-mos ablation, oocytes were treated with
events that are triggered by the activity of c-mos.progesterone and incubated for 16 h in parallel with control
oocytes. While control oocytes mature, and accumulate
maximal levels of XFGFR protein, c-mos-ablated oocytes The TIE Directs the Timing of XFGFR Translation
do not mature, and extracts of these oocytes are devoid of
XFGFR protein, despite a long incubation time following Previous studies have demonstrated that the timing of
translation of some RNAs is governed by sequences withinprogesterone addition (Fig. 2A, upper panel). RNase protec-
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8785 / 6x35$$$$$2 01-16-98 09:16:58 dbal
67Translational Control of Xenopus FGF Receptor
the TIE has been deleted (bgalDUTR) (Fig. 3A). These RNAs
terminate with a 30-nt poly(A) tail encoded on the template
plasmid. The RNAs were injected into immature oocytes,
and 12 h later progesterone was added to induce maturation.
At various times after progesterone addition, groups of oo-
cytes were withdrawn and tested for b-galactosidase activ-
ity, and the extent of maturation was assessed in a similarly
treated group of oocytes. The results of one such time course
experiment are shown in Fig. 3B. Immature oocytes injected
with bgalDUTR contain a signi®cant level of b-galactosi-
dase activity, and this level of activity further accumulates
during oocyte maturation. In contrast, immature oocytes
which contain bgalUTR RNA, as expected, repress transla-
tion of lacZ due to the presence of the TIE. During matura-
tion of these oocytes, b-galactosidase activity ®rst appears
several hours after GVBD50, indicating that the timing of
translation is regulated by the XFGFR 3*UTR.
To determine whether the TIE alone was suf®cient toFIG. 2. XFGFR translation depends on completion of upstream
mimic the timing of lacZ translation observed by the wholemeiotic events. (A) Upper panel: immature oocytes, progesterone-
matured oocytes, oocytes treated with progesterone after anti- XFGFR 3*UTR, we repeated the time-course experiment
c-mos oligonucleotide injection, and eggs, were assessed for XFGFR using DNA reporter constructs, thereby exploiting the abil-
protein by Western analysis with R 1. The position of XFGFR pro- ity of the oocytes to transcribe and process RNAs in vivo.
tein is indicated (arrow), while the lower molecular weight band The constructs which we utilized, CSbgal and CSbgalTIE,
present in all lanes represents a cross-reacting oocyte protein. Mid- shown schematically in Fig. 3C, contain the CMV IE94 pro-
dle panel: RNase protection analysis demonstrates that c-mos RNA moter, which drives lacZ gene expression, as well as theis ef®ciently cleaved by the oligo; the 259-nt fragment which intact
SV40 poly(A) signal. In addition, CSbgalTIE contains thec-mos RNA protects is reduced to 230 nt in RNA from oligo-in-
XFGFR 180-nt TIE downstream of the lacZ gene. As othersjected oocytes. Lower panel: RNase protection analysis con®rms
have shown, RNAs terminating with the SV40 poly(A) con-that XFGFR RNA levels are stable in the absence of c-mos transla-
tain a poly(A) tail of signi®cant length in the immaturetion. (B) Injection of recombinant mos protein rescues XFGFR trans-
lation in c-mos-depleted oocytes. Oocytes ®rst injected with c-mos oocyte (approximately 150 nt); this poly(A) tail is not ex-
antisense oligo and then either treated with progesterone (Pro) or tended during oocyte maturation, but is, in fact, deadeny-
injected with recombinant mos protein (Mos) were analyzed for lated during oocyte maturation (Fig. 3D) (Fox et al., 1989).
XFGFR protein by Western analysis using Ab50. Imm, uninjected Immature oocytes expressing CSbgal contain signi®cant
immature oocytes. This experiment has been performed at least 10 levels of bgal activity 18 h after DNA injection. Following
times with identical results. progesterone addition, the oocytes continue to accumulate
bgal activity during oocyte maturation. Oocytes which ex-
press CSbgalTIE, as expected, do not contain signi®cant
levels of bgal activity in immature oocytes. During matura-the RNA, and more speci®cally, within the 3*UTR
(McGrew et al., 1989; Paris and Philippe, 1990; Sheets et tion, oocytes expressing this RNA do not accumulate sig-
ni®cant levels of bgal activity until several hours afteral., 1994). These studies have pointed to cytoplasmic poly-
adenylation, driven by the cytoplasmic polyadenylation ele- GVBD50 (Fig. 3E), similar to the timing observed in oocytes
containing the entire XFGFR 3*UTR. Thus, the timingment (CPE) within the 3*UTR, as a mechanism for directing
the timing of translation of a number of RNAs, including of XFGFR translational activation appears to be driven by
the TIE.c-mos, cyclin B1, cyclin B2, and cyclin A. Our previous
work has demonstrated that although XFGFR mRNA is cy- Although b-galactosidase activity does not accumulate in
oocytes expressing TIE-containing RNAs until after GVBD,toplasmically polyadenylated during oocyte maturation
(Robbie et al., 1995), polyadenylation is not required for the which is several hours after we observe endogenous transla-
tional activation (Fig. 1), this delay may be explained by thetranslational activation of synthetic XFGFR RNAs con-
taining the TIE. However, these experiments did not address differences in the sensitivities of detecting protein by these
two methods. b-Galactosidase activity measures the accu-whether the TIE alone could direct the correct timing of
XFGFR translation. Thus we examined the timing of trans- mulation of protein, and is less sensitive than metabolic
labeling. The timing of TIE-dependent b-gal translation islational activation of reporter RNAs with and without the
TIE during oocyte maturation. very similar to the timing of appearance of endogenous
XFGFR protein by Western analysis, also a less sensitiveTo address this issue, we ®rst examined the timing of
translation dictated by the XFGFR 3*UTR in the context assay. By this method, which we have performed numerous
times, we do not detect protein until 1±2 h after GVBD50of injected lacZ reporter RNAs. These in vitro transcribed
RNAs contain the lacZ reporter gene, followed by the entire (data not shown).
In multiple independent experiments, in which GVBD50XFGFR 3*UTR (bgalUTR) or the XFGFR 3*UTR from which
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FIG. 3. The TIE mimics the XFGFR 3*UTR in regulating translation during oocyte maturation. (A) Schematic of injected synthetic RNAs
used for b-gal assays, where the b-galactosidase gene is indicated by an open bar; XFGFR 3*UTR is indicated by the shaded bar. bgalUTR
contains b-galactosidase followed by the entire XFGFR 3*UTR, and bgalDUTR contains b-galactosidase followed by the TIE-deleted
XFGFR 3*UTR. The synthetic RNAs terminate with 30 adenosines encoded on the plasmid. (B) RNA generated in vitro was injected into
immature oocytes, and b-galactosidase activity was assessed in extracts of duplicate pools of 10 oocytes harvested at various times during
progesterone-induced oocyte maturation. Time (in hours) indicates time of harvest relative to GVBD50 (which occurred 14 h after progester-
one addition in this experiment). (C) Schematic of plasmid DNA constructs used for b-galactosidase time-course assays. Expression
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ranged from 8 to 14 h, we repeatedly observed the TIE- reasoned that an XFGFR 3*UTR which does not contain the
dependent post-GVBD accumulation of bgal activity, sug- TIE would, then, activate translation earlier and indepen-
gesting that the timing of translation is relative to speci®c dently of cell cycle progression. To test this hypothesis, we
events driving meiosis within the oocyte. To determine took advantage of the requirements for c-mos translation
whether the TIE would confer the same dependence on up- both for oocyte maturation and for XFGFR translation (out-
stream meiotic events for translational activation as ob- lined in Fig. 4A, modi®ed from (Sheets et al., 1995)). c-
served for endogenous XFGFR translation, CSbgal or mos mRNA truncated by an antisense oligonucleotide just
CSbgalTIE DNA constructs were injected into intact or downstream of the coding sequence cannot be translated
c-mos-depleted oocytes, after which the oocytes were treated because c-mos depends on intact polyadenylation signals for
with progesterone. Twenty-four hours after progesterone its translation. Thus, these oocytes cannot progress through
addition, all oocytes were harvested and extracts were as- meiosis upon progesterone treatment. However, the addi-
sessed for b-galactosidase activity. Immature oocytes ex- tion of a ``prosthetic'' RNA, which contains the requisite
pressing CSbgalTIE repress bgal translation, and as ex- poly(A) tail, can anneal to the 3* end of the truncated c-mos
pected, this repression is relieved upon oocyte maturation RNA through a region of complementarity, thus providing,
(seen by a 5.7-fold increase in activity). However, bgal activ- in trans, the necessary signals for translation. Addition of
ity remains repressed in c-mos-depleted oocytes which ex- progesterone then leads to translation of c-mos and oocyte
press CSbgalTIE (Fig. 3F). Thus, an RNA containing the TIE maturation.
cannot be derepressed in the absence of c-mos activity and We used this prosthetic approach to test the timing of
meiotic progression. In contrast, immature oocytes express- activation of the XFGFR 3*UTR with and without the TIE.
ing CSbgal contain a signi®cant level of bgal activity (6.1- The constructs, schematically diagrammed in Fig. 4B, were
fold over immature oocytes expressing CSbgalTIE), and this either injected as RNA produced in vitro or as plasmid DNA
level is increased in progesterone-matured oocytes. Interest- injected into the oocyte nucleus, in which case transcrip-
ingly, this increase in translation in response to progester- tion of the prosthesis occurred in vivo. Both methods
one is not observed in c-mos-depleted oocytes which are yielded similar overall results. Using this approach, approxi-
unable to progress through meiosis (Fig. 3F). Thus, c-mos mately 10 ng of prosthetic RNA was injected or generated
activity may be important for activating downstream events
per oocyte (data not shown). The oocytes were then injected
leading to the general increase in translation observed in
with the c-mos antisense oligonucleotide, treated with pro-maturing oocytes (Wasserman et al., 1982) as well as the
gesterone, and scored for maturation by germinal vesiclederepression of speci®c messages, such as XFGFR. This is
breakdown. While uninjected oocytes mature with a fre-consistent with recent ®ndings demonstrating that the
quency averaging 75.5%, oocytes injected with antisensepolyadenylation of a number of messages is dependent on
oligonucleotides rarely mature (9.2%) (Fig. 4C). Oocytesc-mos (Ballantyne et al., 1997). These ®ndings suggest that
which express the entire XFGFR 3*UTR prosthesis do notin addition to the importance of c-mos for cell cycle progres-
mature with a frequency different from truncated c-mossion through the activation of MEK and cdc2 (for recent
alone (8.5%), re¯ecting the inability of the XFGFR 3*UTRreviews, see Gebauer et al., 1994; Sagata, 1997), the c-mos
to activate translation in the absence of c-mos, or early inpathway may also play an role in the regulation of transla-
meiosis. However, oocytes which express the TIE-deletedtion.
XFGFR 3*UTR mature with a signi®cantly greater fre-
A TIE-Deleted XFGFR 3*UTR Activates quency (17.3%) (Fig. 4C). A prosthetic RNA containing the
Translation Early during Meiosis TIE-deleted XFGFR 3*UTR, but lacking the ability to anneal
to the endogenous c-mos RNA, does not rescue oocyte mat-Our results show that XFGFR is ®rst translated just prior
to GVBD and that this timing is governed by the TIE. We uration (1.9%).
constructs contain the CMV IE94 promoter (P) driving expression of b-galactosidase alone (CSbgal) or b-galactosidase followed by the TIE
(CSbgalTIE). Both constructs contain the SV40 poly(A) sequence for transcription termination and polyadenylation signals. (D) High-
resolution Northern analysis on lacZ RNA transcribed in vivo from injected DNA constructs CSbgal and CSbgalTIE. RNA in immature
oocytes (I) contains a poly(A) tail of approximately 150 nt, as oligo(dT) hybridization prior to RNaseH treatment reduces the size of the
detected band by approximately 150 nt (dT). During progesterone-induced oocyte maturation, the RNA is deadenylated (M). The positions
of molecular size markers (in nucleotides) are indicated. (E) b-Galactosidase expression constructs were injected into immature oocytes,
and b-gal activity was monitored in extracts of duplicate pools of 10 oocytes withdrawn at various times during progesterone-induced
oocyte maturation. Time (in hours) indicates time of harvest relative to GVBD50 (which occurred 11 h after progesterone addition in this
experiment). b-Galactosidase activity represents the spectrophotometric value of reactions from which the reading in immature oocytes
expressing CSbgalTIE was subtracted. Imm, immature oocytes. (F) CSbgal (open bars) or CSbgalTIE (stippled bars) DNA constructs were
injected into intact or c-mos-depleted oocytes. Oocytes were harvested and pools of 10 oocytes were assayed in duplicate for b-gal activity
24 h after progesterone addition. b-Galactosidase activity represents the spectrophotometric reading from which the value in noninjected
oocytes was subtracted and is expressed relative to the activity in immature oocytes containing CSbgalTIE, as indicated above the bar.
The data presented in each graph represent the results from a single time-course experiment, but a second and sometimes a third experiment
yielded similar results.
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FIG. 4. Deletion of the TIE from the XFGFR 3*UTR alters the timing of its activation. (A) Schematic of approach using prosthetic RNA:
A c-mos antisense oligonucleotide is injected into oocytes, resulting in c-mos RNA which is truncated just downstream of the stop codon
(vertical line). A ``prosthetic'' RNA containing the XFGFR 3*UTR (shaded) is introduced. This prosthetic RNA can hybridize to the
truncated mos RNA through a region of complementarity (black box). Upon progesterone addition, if activated by signals on the prosthetic
RNA, the mos RNA can be translated, resulting in oocyte maturation. (B) Diagram of prosthetic RNAs generated in vivo from expression
constructs. The prosthetic RNAs contain the XFGFR 3*UTR (shaded) with (ASUTR) or without the TIE (ASDUTR and SDUTR). ASUTR
and ASDUTR contain a region of complementarity to the truncated c-mos RNA (black box), while SDUTR contains the same region in
the sense orientation (white box). (C) Ef®ciency of oocyte maturation. After injection of prosthetic constructs, oocytes were injected with
c-mos antisense oligonucleotide and then treated with progesterone and assessed for oocyte maturation by germinal vesicle breakdown
by visual inspection of the white spot and manual dissection. The frequencies of oocyte maturation for the various treatments are shown.
The data presented represent 18 separate experiments. Oocyte numbers: untreated, 494; /progesterone, 502; /mos oligo/progesterone,
551; /mos oligo/progesterone/ASUTR, 365; /mos oligo/progesterone/ASDUTR, 681; /mos oligo/progesterone/SDUTR, 160.
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In our experiments the TIE-deleted XFGFR prosthetic smear, with a maximal tail length of approximately 150 nt
(Fig. 5B). XFGFR is further adenylated during the course ofRNA activated c-mos translation, and thus oocyte matura-
tion, with a lower ef®ciency than does the intact, endoge- oocyte maturation to approximately 400 nt. This result was
repeatedly observed in oocytes from several different frogs,nous c-mos 3*UTR. This lowered ef®ciency might re¯ect a
reduced ability of the XFGFR 3*UTR to activate translation including oocytes from one experiment in which the timing
of XFGFR translational activation was assessed by meta-relative to the endogenous c-mos 3*UTR. Alternatively al-
though the region of c-mos mRNA is clearly accessible to bolic labeling. Our ®ndings indicate that polyadenylation
of XFGFR precedes translation by at least several hours,the antisense oligonucleotide, after truncation it may as-
sume a structure rendering the 3* end less accessible to suggesting that these two events are not closely linked tem-
porally. Our ®nding that XFGFR polyadenylation occurredhybridization to a prosthetic RNA. We also noted that al-
though deletion of the TIE from the XFGFR 3*UTR is per- early during meiotic maturation raised several possibilities
with regard to the regulation and role of XFGFR mRNAmissive for translation in the immature oocyte (Robbie et
al., 1995), oocytes expressing the TIE-deleted prosthesis did adenylation. We considered the possibility that this event
is not dependent on cell cycle progression but is a conse-not progress through meiosis in the absence of progesterone
(data not shown). One explanation for this might be that quence of progesterone stimulation. In order to address this
we bypassed the requirement for progesterone and maturedthe short poly(A) tail on the XFGFR 3*UTR in the immature
oocyte is insuf®cient to activate c-mos translation to the oocytes by injecting ``maturation-promoting factor'' (MPF),
and assayed both the endogenous XFGFR mRNA adenyla-level required to drive oocyte maturation. In addition, oth-
ers have shown that progesterone increases the ef®ciency tion state and XFGFR protein. As shown in Fig. 5C, oocyte
maturation in the absence of progesterone leads to transla-with which c-mos drives oocyte maturation, perhaps in-
volving the posttranslational activation of the mos protein tion of XFGFR protein to levels equivalent to that obtained
in progesterone-matured oocytes. However, we observe(Yew et al., 1992).
These experiments indicate that by deleting the TIE from minimal extension of the XFGFR poly(A) tail in MPF-ma-
tured oocytes. This ®nding demonstrates that despite mini-the XFGFR 3*UTR, the timing of translation directed by
this UTR is altered; it is converted from a UTR which is mal polyadenylation of XFGFR mRNA, oocytes matured
with MPF can translate maximal levels of XFGFR protein.dependent on a pathway downstream of c-mos for its activa-
tion to a UTR which permits translation early in the cell In addition, extensive adenylation of XFGFR mRNA ap-
pears to be a progesterone-dependent event.cycle, independently of c-mos activity. Our ®ndings suggest
that the TIE is a critical element for directing the activation Since our results suggest that XFGFR mRNA is adenyl-
ated soon after progesterone addition and is not appreciablyof XFGFR translation at the appropriate time during oocyte
maturation. adenylated in MPF-matured oocytes, we considered the pos-
sibility that XFGFR polyadenylation occurs in response to
progesterone, independent of cell cycle progression. We
Cytoplasmic Polyadenylation of XFGFR mRNA Is therefore took advantage of the requirement for c-mos activ-
Not Suf®cient to Activate Translation ity in oocyte maturation and examined the poly(A) status
of the endogenous XFGFR mRNA in progesterone treated,In previous work we had shown that injected synthetic
RNAs containing the XFGFR 3*UTR were translated during c-mos-depleted oocytes. Northern analysis in Fig. 5D dem-
onstrates that in these oocytes XFGFR mRNA is polyade-meiosis in the absence of cytoplasmic polyadenylation.
However, we were interested in addressing the role of ade- nylated to at least the same extent as in uninjected proges-
terone-treated oocytes, but these oocytes do not translatenylation in endogenous XFGFR translation because this
process has been shown to be critical for the translation of a XFGFR protein (see Fig. 2). Therefore cytoplasmic polyade-
nylation of XFGFR mRNA occurs in response to progester-number of other studied RNAs, and we knew from previous
work that endogenous XFGFR does undergo poly(A) tail one, in the absence of c-mos translation and progression
through meiosis. However, importantly, this result demon-elongation during meiosis. We were interested in determin-
ing when during oocyte maturation elongation of the strates that for endogenous XFGFR mRNA, cytoplasmic
polyadenylation in vivo is not suf®cient to activate transla-poly(A) tail occurs and how this process is regulated during
meiosis. In addition, we wished to determine whether poly- tion. This lack of translation in the presence of intact poly-
adenylation indicates that XFGFR translation and cyto-adenylation alone might be able to overcome the repression
of translation imposed by the TIE. plasmic polyadenylation are activated by independent path-
ways.Thus, we examined the polyadenylation status of endoge-
nous XFGFR mRNA during oocyte maturation. Examina-
tion by high-resolution Northern analysis demonstrates
that in immature oocytes XFGFR mRNA contains a discreet DISCUSSION
poly(A) tail of approximately 30 nt because mRNA incu-
bated with oligo(dT) prior to RNaseH treatment is short- The regulated translation of maternal mRNAs is a major
mechanism by which the early Xenopus embryo regulatesened by approximately 30 nt (Fig. 5A). Within 1 h of proges-
terone addition, the poly(A) tail has become elongated, indi- gene expression. Maternal mRNAs required during meiosis
as well as after fertilization are recruited for translation atcated by the conversion of the discreet band to an upward
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FIG. 5. XFGFR polyadenylation is regulated independently from translation. (A) Analysis of XFGFR poly(A) tail length in immature
oocytes. RNA derived from immature oocytes was incubated with an XFGFR 3*UTR-speci®c antisense oligonucleotide and treated with
RNaseH prior to high-resolution Northern analysis. dT, RNA was also incubated with oligo(dT). The 3* end of XFGFR mRNA in immature
oocytes is of uniform length (closed arrow) which is shortened by approximately 30 nt when incubated with oligo(dT) (open arrow). The
relative positions of molecular weight markers are shown. (B) High-resolution Northern analysis of XFGFR RNA from oocytes collected
during maturation: Immature oocytes (0), oocytes harvested 1 h after progesterone addition (P / 1), 4 h after progesterone addition (P /
4), at GVBD (G), and 4 h after GVBD (G / 4). Time points after GVBD represent ``synchronized'' oocytes: oocytes which underwent GVBD
within 15 min of each other were grouped and harvested at the appropriate time. Immature oocytes contain a discreet short poly(A) tail
(closed arrow); within 1 h after progesterone addition XFGFR extends its poly(A) tail by approximately 150 nt (open arrowhead), which is
further extended to approximately 400 nt by 4 h after GVBD (open arrow). Four time-course experiments have been performed using
oocytes from different frogs, yielding similar results. (C) Western and high-resolution Northern analysis of XFGFR in immature oocytes
(Imm) and oocytes matured with progesterone (Pro) or by injection of recombinant cdc2/cyclin B1 (MPF). Upper panel: XFGFR protein
was detected by Western analysis with R 1, the location of the protein is indicated by the arrow. The lower molecular weight band is a
cross-reacting oocyte protein (arrowhead). The XFGFR protein in the MPF lane in this experiment has a different glycosylation pattern
than the protein detected in progesterone-matured oocytes. This variation in glycosylation is not observed in all experiments. Lower
panel: Examination of the XFGFR poly(A) tail by high-resolution Northern analysis shows extension of the poly(A) tail in response to
progesterone (open arrow indicates maximal elongation). XFGFR mRNA in immature oocytes and MPF-matured oocytes contain short
poly(A) tails (closed arrow). This experiment has been performed nine times with similar results. (D) High-resolution Northern analysis
of XFGFR RNA from immature oocytes and intact or c-mos-depleted oocytes treated with progesterone. Left panel: XFGFR mRNA in
progesterone-treated oocytes exhibit poly(A) tails elongation, independent of c-mos activity. Right panel: incubation of the RNAs with
oligo(dT) prior to Northern analysis converts all RNAs to equal mobilities. This experiment was performed ®ve times with similar results.
speci®c times beginning during oocyte maturation. In our Separable Elements for Translational Control
study of the regulation of the Xenopus FGF receptor mater-
Cytoplasmic polyadenylation, though widely used, is notnal mRNA we have focused, in this report, on the elements
a universal mechanism for regulating translation. Otherwithin the 3*UTR that regulate the onset of translation, as
studies have identi®ed mRNAs that are either deadenylatedwell as the potential roles of cytoplasmic polyadenylation
or exhibit no change in adenylation state when transla-and derepression in regulating translation of this mRNA.
tionally activated (Ballantine and Woodland, 1985; SalleÂs etThe translational activation of a number of mRNAs re-
al., 1994). In addition, one study using clam oocyte extractscruited during Xenopus oocyte maturation appears to be
in vitro has hinted that the normal poly(A) tail elongationregulated through their 3*UTR cytoplasmic polyadenyla-
of some mRNAs may not be required for translational acti-tion elements. Other UTR elements which may also play
vation. After experimentally ``unmasking'' these messagesa role in regulating translation have not been identi®ed in
with the use of high salt or antisense RNAs, these mRNAsthese mRNAs. In contrast, we show that the previously
are translated without changes in the lengths of theiridenti®ed TIE is responsible for regulating not only the inhi-
poly(A) tails (Standart et al., 1990). However, this result couldbition, but also the timing of and dependence on cell cycle
progression for translation of XFGFR mRNA. also be consistent with the ``unmasking'' event normally
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occurring subsequent to and being driven by polyadenyla- XFGFR polyadenylation occurs early and is c-mos indepen-
dent, appreciable XFGFR adenylation does not occur in re-tion in vivo (the second pathway for translational activation
proposed (Wickens et al., 1996)). Thus, from these in vitro sponse to MPF. Thus, our results suggest that XFGFR poly-
adenylation belongs to a separate class of mRNAs.experiments, it is not clear whether polyadenylation alone
can activate translation of these mRNAs. While we have During progesterone-induced oocyte maturation, we
noted that XFGFR polyadenylation occurs a number offound that translation of XFGFR appears to occur tempo-
rally after polyadenylation of the mRNA, our ®nding that hours prior to the onset of translation. One possible expla-
nation for this apparent discrepancy in the timing of thesein c-mos-depleted oocytes XFGFR mRNA is extensively
polyadenylated in the absence of translation indicates that two events is that a poly(A) tail of threshold length must
be attained before translation can begin. The long poly(A)polyadenylation alone is insuf®cient to drive translation of
this mRNA. Thus, our current study to our knowledge is tail might then either directly activate translation (using
the ®rst pathway for translation proposed by Wickens et al.the ®rst demonstrating the independent regulation of poly-
adenylation and translational activation in vivo for an en- (1996)) or might then lead to derepression of the mRNA,
resulting in translation (in their second proposed pathway).dogenous mRNA.
Our experiments also con®rmed that extensive cyto- Our results demonstrating that a long poly(A) tail is neither
necessary nor suf®cient to activate translation are not con-plasmic polyadenylation is not required for endogenous
XFGFR translation. This had been shown previously using sistent with either of these two proposed pathways for
translation. In addition, because polyadenylation and trans-microinjected synthetic RNAs (Robbie et al., 1995), but had
not previously been demonstrated for endogenous XFGFR lation appear to be independently regulated, it is unlikely
that XFGFR translation is achieved by the third pathwaymRNA. We show in this report that in oocytes which are
matured by injecting MPF endogenous XFGFR mRNA is proposed by Wickens et al. (1996), in which derepression
and polyadenylation are coordinately regulated and cooper-not adenylated to any discernible degree, but translation of
XFGFR protein is equivalent to levels observed in progester- ate to activate translation.
Our ®ndings have thus led us to propose a fourth potentialone-matured oocytes (in which XFGFR mRNA is exten-
sively polyadenylated). In contrast, several other Xenopus pathway for translational activation. This pathway, shown
in Fig. 6, describes our model for XFGFR translation. Proges-mRNAs translated during oocyte maturation are polyade-
nylated in response to MPF (McGrew and Richter, 1990; terone initiates a cascade of events which lead ultimately
to oocyte maturation. Some of the events in this pathwayParis et al., 1991), and a key protein involved in cytoplasmic
polyadenylation, CPEB, is thought to be phosphorylated include c-mos translation and MPF activation. While
XFGFR translation is downstream of these key meioticthrough a cdc2-dependent pathway (Paris et al., 1991). Thus,
although MPF can activate polyadenylation of some factors, cytoplasmic polyadenylation of XFGFR appears
to be stimulated by progesterone through an independentmRNAs, it activates the translation of XFGFR without ap-
preciable polyadenylation. Between our previous ®nding pathway.
utilizing in vitro synthesized RNA (Robbie et al., 1995) and
this report, utilizing both in vivo transcribed RNA from
Inhibitory Elements and Translationinjected DNA constructs and examining endogenous
XFGFR mRNA, we have found that translation of XFGFR Despite extensive polyadenylation of XFGFR mRNA dur-
ing oocyte maturation, this event does not appear to regu-can proceed in the absence of extensive polyadenylation.
Thus, these results are not due to our choice of experimental late the onset of XFGFR translation. The presence of the
TIE in the 3*UTR may provide a strong source of regulationsystem.
While XFGFR mRNA undergoes extensive adenylation in that overrides signals emanating from the poly(A) tail. One
hypothesis for how 3*UTR inhibitory elements repressresponse to progesterone, our studies have not yet deter-
mined the function of polyadenylation in the translation of translation is through the interaction of the RNA with spe-
ci®c inhibitory protein(s). Indeed, previous work from ourthis mRNA. One postulated effect of polyadenylation is to
enhance the reinitiation of ribosome entry onto the mRNA laboratory has shown a speci®c interaction between the TIE
and an oocyte cytoplasmic protein (Robbie et al., 1995). The(Galili et al., 1988). Alternatively, polyadenylation may reg-
ulate XFGFR translation later in development. Further stud- presence of an inhibitory protein bound to the TIE may
prevent translation by any of a number of mechanisms, in-ies designed to address such a possibility will be necessary
to determine what role polyadenylation plays in XFGFR cluding sequestration of the mRNA in a state in which the
ribosomes cannot access the mRNA, independent of thetranslation.
Characterization of the adenylation patterns of a number state of the poly(A) tail. Our observation that polyadenyla-
tion of XFGFR mRNA in c-mos-depleted oocytes treatedof mRNAs during oocyte maturation has suggested that
these mRNAs can be separated into two classes. Class I with progesterone does not result in translation would re-
¯ect inhibition of the TIE overriding the positive signal ofmRNAs are adenylated early in response to progesterone
and are independent of c-mos translation, while the ade- polyadenylation.
In addition to its role in inhibiting translation, our studiesnylation of Class II mRNAs occurs later in maturation and
is dependent on c-mos (Ballantyne et al., 1997). In addition, indicate that the TIE plays an important role in regulating
the timing of XFGFR translation. We postulate that the roleMPF induces the adenylation of Class I mRNAs. Although
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FIG. 6. Model for XFGFR translational activation. Progesterone stimulates the translation and activation of components of the meiotic
cell cycle, including c-mos and MPF. Cell cycle progression leads to derepression of XFGFR, and ultimately translational activation.
Progesterone also stimulates XFGFR polyadenylation through an independent pathway. The dashed arrow indicates the potential for a
speci®c role, as yet unidenti®ed, for polyadenylation in XFGFR mRNA translation.
of the TIE at the onset of translation is not simply a passive Examining the mechanisms of regulation in other
mRNAs which contain 3*UTR inhibitory elements will beone through the release of inhibition, but that the TIE may
also serve as a positive signal for translation once dere- important to determine whether XFGFR employs a com-
mon mechanism for translational control. In addition, thepressed. This could explain why maximal XFGFR transla-
tion does not require extensive adenylation. It will be of identi®cation of factors which interact with these elements
will be essential to further explore and understand thegreat interest to further explore these possibilities by exam-
ining other mRNAs which contain 3*UTR inhibitory ele- mechanisms of this form of translational regulation.
ments to determine whether the regulation of XFGFR trans-
lation through its TIE is a mechanism common to other
mRNAs. It will also be important to determine what role ACKNOWLEDGMENTS
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